ABSTRACT Genetic analyses of nine traits associated with stem water-soluble carbohydrate (SWSC) accumulation and remobilization at grain-filling period under drought stress (DS) and well-watered (WW) conditions were undertaken using doubled haploid lines (DHLs) derived from two Chinese common wheat cultivars. Some significantly and very significantly positive correlation was observed among nine traits associated with SWSC. Higher phenotypic values for most traits were detected under DS. Broad sense heritabilities (h 2 B ) of the traits showed wide fluctuations between two water treatments. A total of 48 additive and 62 pairs of epistatic QTL for nine traits were identified as distributing on all 21 chromosomes. A majority of QTL involved significant additive and epistatic effects with interactions of QTL and environments (QEIs). Two additive and two pairs of epistatic loci involved only QEIs without corresponding significant additive or epistatic effects. The contributions of the additive QEIs were two-to fourfolds higher than those of their corresponding additive QTL. Most of the additive QEIs for traits associated with SWSC interacted with DS. In addition, some QTL for the grain-filling efficiencies and thousand-grain weight were colocated in the same or adjacent chromosome intervals with QTL for accumulation and remobilization efficiency of SWSC before 14 days after flowering.
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B ) of the traits showed wide fluctuations between two water treatments. A total of 48 additive and 62 pairs of epistatic QTL for nine traits were identified as distributing on all 21 chromosomes. A majority of QTL involved significant additive and epistatic effects with interactions of QTL and environments (QEIs). Two additive and two pairs of epistatic loci involved only QEIs without corresponding significant additive or epistatic effects. The contributions of the additive QEIs were two-to fourfolds higher than those of their corresponding additive QTL. Most of the additive QEIs for traits associated with SWSC interacted with DS. In addition, some QTL for the grain-filling efficiencies and thousand-grain weight were colocated in the same or adjacent chromosome intervals with QTL for accumulation and remobilization efficiency of SWSC before 14 days after flowering. W HEAT (Triticum aestivum L.), one of the important staple food crops, is grown under a broad range of environmental conditions in terms of water regimes, climatic factors, and soil types. As water resources for agronomic use become more limiting, drought will increasingly affect yield and yield stability of dryland wheat in arid and semiarid areas. Currently, in these regions wheat crops often suffer from water deficit during the growing season, leading to substantial yield reductions (Ehdaie et al. 1988; Ehdaie and Waines 1989) . Therefore, drought tolerance, as well as yield, is a major objective for breeders.
Progress in increasing grain yield and its stability under different water-stressed conditions by direct selection is difficult due to low heritability and significant genotype 3 environment (G 3 E) interactions (Ceccarelli et al. 1991; Yin et al. 1999; Teulat et al. 2002) . As an alternative, a multitude of morpho-physiological characters have been suggested as associated traits for increasing grain yield under drought conditions (Teulat et al. 2002; Slafer et al. 2005) . Among those traits, watersoluble carbohydrates (WSC) of leaves or stems (culm and leaf sheath) have been considered an important physiological trait indicative of drought tolerance because of dual functions, i.e., not only acting in osmotic regulation as the osmolyte under adverse environmental conditions, but also contributing to grain growth and development as the dominant carbon source for grain yield when active photosynthesis is inhibited by terminal drought [drought stress (DS) during grain filling] (Blum 1996; Setter et al. 1998; Diab et al. 2004; Ehdaie et al. 2006; van Herwaarden et al. 2006) . There have been many detailed illustrations of the physiological effects of different environmental conditions on WSC accumulation in wheat (Ehdaie and Waines 1989; Virgona and Barlow 1991; Bancal and Triboi 1993; Galiba et al. 1997; Kerepesi and Galiba 2000) . Wheat grown under DS may depend more on stem reserves of WSC for grain filling, because current assimilates of flag leaves alone cannot support canopy respiration and grain growth due to water deficit during grain filling (Rawson et al. 1983) . Recent studies also demonstrate that the remobilization of pre-anthesis-stored carbohydrate reserves in wheat stem before flowering is promoted by water deficit, which, during grain filling, can enhance plant senescence, accelerate grain filling, and improve yield in cases where senescence is unfavorably delayed by heavy use of nitrogen (Yang et al. 2000 (Yang et al. , 1 2001 ). More detailed studies found that stem watersoluble carbohydrates (SWSCs) accumulated before flowering, and during the early periods after flowering usually accounted for 10-30% of the stem dry weight, depending on cultivars and environments, and contributed up to 70% or more of the grain weight under terminal drought conditions (Bidinger et al. 1977; Setter et al. 1998; Yang et al. 2001) .
To develop SWSC as an effective selection criterion, and to examine the feasibility of developing molecular markers for use in marker-assisted selection in breeding programs, it is necessary to understand the molecular genetic basis of SWSC in wheat. Additionally, this understanding would provide researchers with knowledge of how genes and biochemical pathways controlling SWSC are regulated. However, current knowledge of wheat is limited. In other crop species, WSC is a quantitative trait (Galiba et al. 1997; Teulat et al. 2001; Nagata et al. 2002; Takai et al. 2005; Thévenot et al. 2005) . Molecular quantitative genetics is a useful approach for studying complex quantitative traits by describing the characteristics of continuous phenotypic distributions and for estimating the number of loci involved, the average gene action, and the degree of interaction between quantitative trait loci (QTL) and environment (Tanksley 1993) . The application of this technique may contribute to the identification of loci affecting SWSC accumulation and remobilization. Thévenot et al. (2005) reported that carbohydrate composition and related metabolizable enzymes in mature grains of maize seemed to be controlled predominantly by additive QTL, as well as by QTL interactions. Moreover, numerous candidate genes of the carbohydrate synthetic pathway colocated with QTL. In barley grown in a drought environment, additive QTL for leaf WSC shared some chromosome zones with QTL for plant water status and/or osmotic adjustment by forming clusters of QTL (Teulat et al. 2001) . Under normal conditions, additive QTL for SWSC in rice showed a strong association with number of days to heading (Nagata et al. 2002) and were tightly linked to QTL for spanicle fertility (Takai et al. 2005) . Galiba et al. (1997) located a gene responsible for SWSC during cold acclimation on chromosome 5A of wheat. Although SWSC proved to be quantitative, no study has been undertaken to investigate QTL 3 environment interaction (QEI) variability and effects on agronomic traits of crops (Crossa et al. 1999; Hemamalini et al. 2000; Asíns 2002; Campbell et al. 2003) .
Our research used a doubled haploid line (DHL) population grown under two water regimes, DS and well watered (WW), to map QTL for accumulation and remobilization of SWSC, as well as grain filling at different developmental stages. The objectives were (1) to detect additive and epistatic QTL controlling accumulation and remobilization of SWSC under two water regimes and (2) to analyze additive QEIs (A-QEIs) and epistatic QEIs (E-QEIs) of these traits. The purpose was to gain further insights into the molecular basis of response to water deficit and to develop practical markers for use in markerassisted selection in breeding drought-tolerant wheat.
MATERIALS AND METHODS
Plant materials and environmental designs: The wheat DHL population was the same as used in previous studies (Jing et al. 1999; Hao et al. 2003; Zhou et al. 2005) . It was derived from a Hanxuan 10 3 Lumai 14 cross. Hanxuan 10 is a drought-tolerant cultivar from Shanxi Academy of Agricultural Sciences, released in 1966 and still grown in arid and barren areas. Lumai 14 is a high-yielding cultivar adapted to abundant water and fertile conditions from Yantai Institute of Agricultural Sciences, Shandong Province, and was widely grown during the 1990s in northern China. A total of 150 lines were grown on the experimental farm (39°489 N, 116°289 E, 46 m altitude) of the Institute of Crop Sciences, Chinese Academy of Agricultural Sciences, Beijing. The population was sown in October 2004 and harvested in June 2005. The experimental field was divided into two parts for different water treatments. Field design of each part consisted of randomized complete blocks with three replications. Each plot was two rows of 2 m with 30 cm between rows. One water regime was rain fed and was treated as the DS environment with a total of 133.4 mm rainfall during the growing season; the other regime was WW with 90 mm applied at the preoverwintering, jointing, flowering, and grain-filling stages, respectively.
Assays of stem-water-soluble carbohydrates and thousandgrain weight: In each genotype/line, main stems with the same heading date were tagged as selected samples. Five main shoots were cut at the soil surface at three phenological stages, viz., flowering, grain filling [$14 days after flowering (DAF)], and maturity. Leaf blades and spikes were removed from samples and main stems retaining only the culm and leaf sheath were immediately put into liquid nitrogen and dehydrated in a refrigerated-vacuum evaporator at 8.106 kPa air pressure and À60°for 24 hr. After dehydration, samples were treated at 105°for 20 min and further dried at 80°until a constant dry weight. Samples were cut into pieces 1$2 mm in length. SWSC were extracted according to a modified procedure described by Wardlaw and Willenbrink (1994) . Extractions were performed with 0.1-0.2 g dry material for each sample with three replications. Samples were boiled in 40 ml ddH 2 O for 40 min. Stem fractions were filtered and filtrates were transferred to volumetric flasks (50 ml) and brought to 50 ml by addition of ddH 2 O. Total amounts of SWSC (mg WSC/100 mg dry weight) were determined as fructose equivalents using the anthrone colorimetric assay (Yemm and Willis 1954) at 620 nm on a LG-721 spectrophotometer. After obtaining assay data, including SWSC at the earlier flowering stage (SWSCF), SWSC at the grain-filling stage (SWSCG), and SWSC at the maturity stage (SWSCM), accumulating efficiency of SWSC (AESWC) and remobilization efficiency of SWSC (RESWC) were estimated as percentages by [(SWSCG À SWSCF)/SWSCG] 3 100%, and [(SWSCG À SWSCM)/ SWSCG] 3 100%, respectively.
Five spikes corresponding to main stem samples were collected at the grain filling and maturity stages for each genotype. After all spikes were dried naturally, grains of each genotype were threshed, weighed, and numbered to obtain thousand-grain weight at the grain-filling stage (TGWG) and thousand-grain weight at the maturity stage (TGWM) (g/1000 grains). In addition, the grain-filling efficiencies at the early period (before 14 DAF) (GFEE) and the grain-filling efficiencies at the late period (from 14 DAF to grain maturity) (GFEL) were assessed as percentages by [TGWG/TGWM] 3 100% and
Statistical analysis: Analyses of variance (ANOVA) of the data were conducted by the SPSS version 11.0 statistical package to assess the total and residual variances among DHLs for all traits. Significant differences (P # 0.05) between traits under the two water regimes were determined by two-tailed F-test. Trait data were subjected to one-way ANOVA, treating water environments as random effects and genotypes as fixed effects. Broad sense heritabilities (h e =kÞ], where k is the number of replications. Phenotypic correlations among the traits under the two water regimes were performed using genotypic means.
QTL identification: A genetic linkage map, consisting of 395 marker loci, including 132 amplified fragment length polymorphisms and 263 simple sequence repeats, was established from data on 150 DHLs using MAPMAKER/Exp version 3.0 software (Hao et al. 2003; Zhou et al. 2005) . The map covered 3904 cM with an average distance of 9.9 cM between adjacent markers. On the basis of a genetic linkage map, QTL for nine target traits, including SWSCF, SWSCG, SWSCM, AESWC, RESWC, TGWG, TGWM, GFEE, and GFEL, were detected using the QTLMapper version 1.0 (Wang et al. 1999) set for composite interval mapping of a mixed linear model. The closest marker to each local LOD peak (putative QTL) was used as a cofactor to control the genetic background while testing at a position of the genome. The threshold LOD score to declare the presence of a QTL was 2.50, and the significance level was P # 0.005 for identifying additive and epistatic effects of QTL and QEIs effects. QTL were named according to the rule of ''QTL 1 trait 1 research department 1 chromosome'' (McIntosh et al. 1999) .
RESULTS

Phenotypic variation among DHLs:
The genotypic means of DHLs and the parents for nine target traits, along with broad sense heritabilities under the DS and WW conditions, are summarized in Table 1 . The parents, Hanxuan 10 and Lumai 14, differed significantly in the identified traits. Phenotypic values of Lumai 14 for most traits other than SWSCM, AESWC, and GFEL were much higher than those of Hanxuan 10 under both water regimes. The mean values of DHLs were intermediate between the parents for most traits. Some lines had more extreme values than the parents, showing substantial transgressive segregation. In addition, all target traits showed considerable phenotypic variations and continuous distributions under both water regimes (Figure 1 ), indicating their quantitative bases. These results suggested that favorable alleles governing the target traits were divided between the parents.
On the basis of the ANOVA, it was apparent that phenotypic means of the DHLs and parents for most traits were highly affected by the DS. The mean values of most of the traits under DS conditions were significantly higher than those under WW conditions. Some traits, such as SWSCF, SWSCG, AESWC, RESWC, TGWG, and TGWM, showed highly significant differences (P , 0.01) ( Table 1 ). The h 2 B for all traits under DS were generally lower than those under the WW regime. In the WW environment, h 2 B of the target traits varied from 0.51 to 0.65, whereas under DS, h 2 B varied from 0.11 to 0.49. The greatest differences in h 2 B between the two water environments involved SWSCG, SWSCM, RESWC, GFEE, and GFEL (Table 1) . This indicated that environmental factors had a large influence on the inheritances of these complex traits.
Correlation analyses for identified traits: Correlations among all traits under the two water regimes are given in Table 2 . The traits associated with SWSC at different growth stages, e.g., SWSCF, SWSCG, and SWSCM, The numbers at the left of the slash (''/'') are the phenotypic values of traits identified under DS, and the numbers at the right indicate WW conditions. *P ¼ 0.05 and **P ¼ 0.01.
a SWSCF, stem water-soluble carbohydrates at the flowering stage; SWSCG, stem water-soluble carbohydrates at the grain-filling stage; SWSCM, stem water-soluble carbohydrates at the maturity stage; AESWC, accumulation efficiency of stem water-soluble carbohydrates; RESWC, remobilization efficiency of stem water-soluble carbohydrates; TGWG, thousand-grain weight at the grainfilling stage ($14 DAF), TGWM, thousand-grain weight at the maturity stage; GFEE, grain-filling efficiency at the early stage (before 14 DAF); and GFEL, grain-filling efficiency at the late stage (from 14 DAF to grain maturity). were poorly correlated with each other, with the exception of the highly significant correlation (r 2 ¼ 0.297**; * and ** represent the significant difference of 0.05 and 0.01 level of probability, respectively) between SWSCF and SWSCG under WW conditions. SWSCF showed a highly significant negative correlation with AESWC under both DS (r 2 ¼ À0.823**) and WW (r 2 ¼ À0.548**) conditions, but had lower correlations with the other traits. However, SWSCG showed a high and positive correlation with AESWC (r 2 ¼ 0.444** and 0.479**) and RESWC (r 2 ¼ 0.398** and 0.357**) in both environments, TGWM (r 2 ¼ 0.239** under DS), TGWG (r 2 ¼ 0.198* under WW), and GFEL (r 2 ¼ 0.195* under DS). This suggested that SWSCG could play an important role in grain filling of wheat, especially under DS conditions. SWSCM had a negative correlation with most of the other traits, except TGWM and GFEL under both water regimes, and even showed a highly significant negative correlation with GFEE (r 2 ¼ À0.223** under WW) and RESWC (r 2 ¼ À0.937** and À0.863** under DS and WW). AESWC was significantly correlated with GFEE (r 2 ¼ À0.196*) and GFEL (r 2 ¼ 0.196*) under DS, whereas the effects were the opposite for RESWC with GFEE (r 2 ¼ 0.182*) and GFEL (r 2 ¼ À0.182*) under WW conditions. This indicated that SWSC accumulation before flowering could be of more importance to grain filling under DS than under WW conditions.
Additive QTL and additive QTL 3 environment interactions: A total of 48 additive QTL were detected for the nine traits. Map locations and additive effects of the QTL and interaction effects between additive QTL and environments are summarized in Table 3 . Except chromosomes 2B, 3D, 4D, 5D, and 6D, the other 16 of 21 chromosomes were mapped QTL for 9 traits (Figure 2 ). Among them, 23 additive QTL showed interacting effects with environment, whereas 25 showed no interactions. In addition, two QTL were detected on the basis of interaction effects with environments. The phenotypic variance explained by the additive QTL and by the QEIs varied from 1.06 to 7.53% and from 3.88 to 19.43%, respectively, depending on the trait.
For SWSC content at three different growth stages, 10 additive QTL included 7 for SWSCF, 1 for SWSCG, and 2 for SWSCM located on different regions of chromosomes 1A, 1D, 2D, 4A, 4B, 6B, 7B, and 7D, with phenotypic variation ranging from 1.06 to 7.53%. No chromosome region had QTL controlling SWSC contents at all three growth stages. Among these QTL, 7 were conferred by favorable alleles from Lumai 14, whereas the other 3 were from Hanxuan 10. In addition, 7 of the 10 additive QTL were identified with A-QEIs. Five A-QEIs were associated with DS, explaining from 3.88 to 12.43% of the phenotypic variation, whereas the other two were associated with WW, explaining 7.40 and 6.25% of the variation. One QTL, QSwscf.cgb-4B.1, was detected with only an A-QEI effect, enhanced by WW conditions with an 8.80% contribution to the phenotypic variation.
The five QTL showing significant associations with AESWC explained from 1.86 to 7.32% of the phenotypic variation. Three loci, mapping on chromosomes 2A, 3B, and 5A, derived their additive effects from favorable alleles of Lumai 14, whereas the additive effects of the other two, located on 7B and 7D, came from favorable alleles in Hanxuan 10. Three QTL, QAeswc.cgb-2A.1, QAeswc.cgb-5A, and QAeswc.cgb-7B.1, among the five loci were involved in significant or very significant interactions with DS, accounting for 9.61, 12.50, and 5.13% of the phenotypic variation, respectively. One QTL, QAeswc.cgb-1A.1, had only an A-QEI effect, explaining 7.73% of the phenotypic variation in the DS environment.
Three QTL controlling RESWC were located on chromosomes 1A, 3B, and 7A, accounting for from 3.72 to 6.97% of the phenotypic variation. The favorable allele of QReswc.cgb-3B came from Lumai 14, and the other two favorable alleles were from Hanxuan 10. Only one of the QTL significantly interacted with WW, explaining 13.05% the phenotypic variation.
Twelve chromosomal regions on linkage groups 2A, 2D, 3A, 3B, 4A, 5B, 6A, and 7A were associated with TGW a Genetic distance between the most likely position of the putative QTL and the left flanking marker in the marker interval. b A, the additive effect. A positive value indicates the Hanxuan 10 allele having a positive effect on the trait, and a negative value represents the Lumai 14 allele having positive effect; *P ¼ 0.005 and **P ¼ 0.001; H 2 (A) (%) indicates the proportion of phenotypic variance explained by additive QTL.
c E 1 , the DS environment; AE 1 , the additive QTL 3 environment interaction in DS; the absolute interaction effect value of additive QTL 3 environment in the WW environment is the same as in the DS environment, but the effect origin is reversed; H 2 (AE 1 ) (%) indicates the phenotypic variance explained by additive QTL 3 environment interaction. at the grain filling and maturity stages; these included five QTL for TGWG and seven for TGWM. No consistent QTL was detected for TGW. These loci accounted for 1.70-6.43% of the phenotypic variation. Five of them were favorable alleles from Lumai 14, and the other seven were from Hanxuan 10. Moreover, three QTL were involved in A-QEIs with DS, explaining a phenotypic variation from 4.51 to 5.27%, whereas another locus was associated with the A-QEI with WW, explaining 6.08% of the phenotypic variation.
Nine apparently common QTL associated, respectively, with GFEE and GFEL were located on chromosomes 1B, 2A, 4B, 5A, 6A, 6B, and 7B. Between the corresponding QTL for GFEE and GFEL, the effect values of the QTL, including the additive and A-QEI effects, and their contributory percentages were equivalent, but the effect directions between the two traits were opposite. These QTL for any one of the two traits explained phenotypic variation ranging from 1.79 to 6.83%. The favorable alleles of the two QTL controlling GFEE, QGfee.cgb-5A.2 and QGfee.cgb-7B.1, came from Lumai 14, and the other seven were from Hanxuan 10. Furthermore, four QTL for both GFEE and GFEL involved A-QEIs, accounting for phenotypic variation ranging from 7.96 to 19.43%. The A-QEI effects of three QTL for GFEE were identified under WW and one QTL under DS; on the contrary, the A-QEI effects of three QTL for GFEL were identified under DS and one QTL under WW.
Epistatic QTL and epistatic QTL 3 environment interactions: All nine traits were influenced by epistatic effects of the additive 3 additive type and the interacting effects of the E-QEIs. A total of 64 pairs of epistatic QTL were identified (Table 4) . These epistatic QTL showed more interaction trends of nonallelic genes between genomes A and B, explaining phenotypic variations ranging from 0.84 to 8.26%. Among these QTL, 48 pairs involved only epistatic effects, 14 pairs were concerned not only with epistatic effects but also with E-QEI effects, and two pairs involved only E-QEI effects.
A total of 24 pairs of significantly epistatic QTL were detected for SWSC at three different development stages, including 9 pairs each for SWSCF and SWSCM and 6 pairs for SWSCG. Among the 24 pairs of significantly epistatic QTL, 8 pairs had positive effectsi.e., the parent-type effect was higher than the recombinant-type effect-whereas the other 16 pairs showed negative effects where recombinant-type effects were higher than parent-type effects. These epistatic QTL accounted for phenotypic variations ranging from 0.84 to 5.61%. Three pairs involved E-QEIs under DS, explaining phenotypic variations varying from 3.21 to 8.36%, whereas two pairs involved E-QEIs under WW, explaining 3.95 to 8.99% of the phenotypic variations. Furthermore, one pair of QTL, QSwscg.cgb-2A.2 and QSwscg.cgb-7A.2, detected only E-QEI effects with WW, explaining 4.01% of the phenotypic variation.
Eight pairs of epistatic QTL involved AESWC. As for SWSCG, AESWC was involved in three types of interactions. Five pairs showed only epistatic effects, including three pairs with positive effects and two pairs with negative effects, explaining phenotypic variations of 1.16-2.86%. The other three pairs involved both epistatic and E-QEI effects. These loci explained phenotypic variations of 1.73-3.22% with negative effects and also explained phenotypic variations ranging from 5.00 to 9.10% by E-QEIs with DS. Furthermore, one pair detected only an E-QEI effect under DS, explaining 7.23% of the phenotypic variation.
Three pairs of epistatic QTL were detected for RESWC, and these did not interact with environment. The effects of all epistatic loci were negative, explaining phenotypic variations of 3.28-6.13%.
A total of 17 pairs of epistatic QTL involved TGW at both grain filling and maturity; these included 6 pairs for TGWG and 11 pairs for TGWM. These epistatic QTL accounted for phenotypic variations ranging from 1.20 to 8.26%. Among them, 7 pairs showed positive effects and 10 pairs were negative. Only one pair each for TGWG and TGWM involved E-QEIs with WW, accounting for 5.55 and 4.74% of the phenotypic variation, respectively.
Five pairs of epistatic QTL were identified, respectively, for both GFEE and GFEL. As for additive effects for GFEE and GFEL, the effect values, including the epistatic and the E-QEIs or the phenotypic variations, were approximately equivalent between corresponding epistatic QTL for the two traits. However, the effect directions of the specific epistatic loci between the two traits were appropriately opposite. Among the five pairs of epistatic QTL for each trait, three pairs showed only epistatic effects with the same direction, explaining phenotypic variations ranging from 1.96 to 4.15%. Positive effects were shown for GFEE, and negative effects for GFEL. The other two pairs had both epistatic and E-QEI effects at the same time. The epistatic effects were negative for GFEE and positive for GFEL, accounting for 4.01 and 2.60% of the phenotypic variations, respectively. Moreover, the E-QEI effects with DS for GFEE and with WW for GFEL explained 4.91 and 3.88% of the phenotypic variations, respectively.
Distribution of the additive and the epistatic QTL: In this study, 48 significantly additive QTL for nine traits were distributed on 16 chromosomes in the DHL population. An interesting feature was the highly concentrated distribution of the additive QTL in a few chromosomal regions and the existence of QTL hot spots, namely, the chromosomal regions shared by multiple QTL (Table 3, Figure 2 ). For example, the additive QTL involved in AESWC and TGWM, QAeswc.cgb-3B.1 and QTgwm.cgb-3B.1, were identified within the same chromosome 3B interval, P3622-400-P2076-147. Similarly, the additive QTL for TGWG, GFEE, and GFEL were colocated in the same marker interval, Xgwm334-WMC297, on chromosome Genetic distance between the most likely position of the putative QTL and the left flanking marker in the marker interval.
c AA, the direction of the epistatic effect: a positive value means that the parent-type effect is greater than the recombinant-type effect, and the negative value means that the parent-type effect is less than the recombinant-type effect; *P ¼ 6A. The same locations always occurred for the traits GFEE and GFEL. However, QTL clustering occurred in several neighboring marker intervals. For example, on chromosome 1A, the chromosomal region flanking markers from Xgwm135 to CWM517 were shared by QTL for RESWC and SWSCM; QTL for TGWG, GFEE, and GFEL, for TGWM and SWSCF, for TGWG and RESWC, and for AESWC and SWSCF shared neighboring intervals with flanking markers from P2478-160 to P5166-248 on chromosome 2A, from P5874-138 to WMC170 on chromosome 2D, from WMC488 to Xgwm260 on chromosome 7A, and from WMC311 to CWM466 on chromosome 7B, respectively. Two important chromosomal regions on the long arm of chromosome 2A and the short arm of chromosome 5A, i.e., WMC522-P5166-248 and Xgwm156-Xgwm443, carried QTL for GFEE and GFEL, where the QTL for TGWG and AESWC were also colocated. Similarly, clustered distributions on some chromosomal regions were also found for loci associated with 64 pairs of epistatic QTL. Most of them were distributed in the same, or adjacent, regions to the significantly additive QTL (Table 4) , further increasing the QTL density in the clustered regions. This indicated that specific hot-spot regions might carry genes controlling traits associated with SWSC.
DISCUSSION
Phenotypic variation under two water management conditions: In this study, variation in SWSC among DHLs and their parents at three developmental stages were approximately coincident under two water management conditions, whereas by ANOVA, it was clear that phenotypic means for most traits were more affected by DS. The means under DS were significantly higher than those under WW (Table 1) . It seemed that DS not only increased SWSC content to a certain degree, but also improved TGW of the main stem spike. A suggestion has been made that the proportion of retranslocated pregrain filling biomass increases with water deficit, so that yield reduction associated with reduced post-anthesis assimilation is partly offset by increasing retranslocation (Bidinger et al. 1977) . On the other hand, if mild soil drying during the grainfilling period of rice and wheat is controlled properly, it can enhance whole-plant senescence and lead to faster and better remobilization of pre-anthesis-stored carbon from vegetative tissues to the grains. Such gains may outweigh the loss of photosynthesis and the shortened grain-filling period and increase grain yield and harvest index in cases where plant senescence is unfavorably delayed (Yang et al. 2000 (Yang et al. , 2001 (Yang et al. , 2002 Yang and Zhang 2006) .
In contrast, SWSCG showed significantly positive correlations with AESWC, RESWC, TGWG, TGWM, and GFEL ( Table 2 ), suggesting that SWSCG could play a key function in the subsequent release of carbohydrates from stem to grain. However, a majority of the corresponding traits had lower correlation coefficients between the traits associated with the SWSC and TGW. It seemed that the remobilization mechanism of WSC is complex and not all of the SWSC completely contributes to the improvement of grain yield. The possible fate of those reserves could be consumed in respiration and translocation to the grains or other parts of the plant (McCullough and Hunt 1989; Cruz-Aguado et al. 2000) . Likewise, Evans and Wardlaw (1996) reported that there was no simple relationship between grain yield and the amount of reserves mobilized during grain filling in wheat, because the accumulation of stem reserves seems to be sensitive to environmental conditions and source-sink status.
Genetic dissections and pleiotropy of QTL: Although a wealth of information produced by a multitude of previous studies has considerably improved our understanding of the physiological function of SWSC, as well as its application in wheat-breeding programs, the genetic basis of SWSC and its associated traits at the molecular level seems to be rather obscure because of the complexity. Fortunately, in other cereals such as barley (Teulat et al. 2001) , rice (Nagata et al. 2002; Takai et al. 2005) , and maize (Thévenot et al. 2005) , some additive QTL controlling carbohydrates stored in leaves, culms with leaf sheaths, or seeds have been addressed. These loci are located on different chromosome regions with different genetic effects. In addition, QTL mapping for TGW and associated traits for grain filling have been studied in detail (Bö rner et al. 2002; Campbell et al. 2003; Takai et al. 2005; Dilbirligi et al. 2006) . We identified a total of 48 additive QTL and 62 pairs of epistatic QTL with significant contributory percentages covering nine traits. Among these loci, 10 QTL for SWSC content at three development stages mapped on different regions of seven chromosomes-1A, 1D, 2D, 4A, 6B, 7B, and 7D-with different additive effects and contribution percentages (Table 3) . The lack of overlapping intervals for these loci suggested that SWSC could be controlled by different genes at different growth stages. In a previous study, despite a gene responsible for SWSC during cold acclimation located on the long arm of chromosome 5A of wheat (Galiba et al. 1997 ), we did not identify any significantly additive loci for SWSC on the long arm of 5A except three loci concerned with epistatic effects on SWSC (Table 4 ). It is likely that different conditions induce gene expression at different loci. Interestingly, Verma et al. (2004) mapped several QTL for grain yield and flag leaf senescence near the markers Xgwm30 and Xgwm539 on chromosome 2D in winter wheat, whereas in this study, three additive QTL for SWSCF and TGWM and eight loci associated with epistasis for SWSCF, TGWM, RESWC, GFEE, and GFEL were adjacent to markers Xgwm30 and Xgwm539 on chromosome 2D. In addition, phenotypic correlation analyses among these traits were found to be similar in our work and previous studies (Yang et al. 2000; 2002; Yang and Zhang 2006) . It was hypothetical that the genetics of SWSC content, SWSC remobilization, grain filling, grain yield, and leaf senescence could be related. Many chromosome linkage groups mapped for traits associated with SWSC have been also reported to share QTL for yield in wheat (Kato et al. 2000; Bö rner et al. 2002; Quarrie et al. 2005; Dilbirligi et al. 2006; Marza et al. 2006) , and some loci for TGW were relatively consistent with previous studies, especially those on chromosome 3A (Campbell et al. 2003; Dilbirligi et al. 2006) .
Some QTL for TGW, GFEE, and GFEL were colocated to the same or adjacent intervals with QTL for SWSCF, SWSCG, SWSCM, AESWC, and RESWC (Table 3, Figure  2 ). For example, QTL for TGWM and SWSCF shared the 0.8-cM P5874-138-WMC41 interval on chromosome 2D. Another interval on chromosome 3B, P3622-400-P2076-147, was shared by QTL for AESWC and TGWM. Interestingly, these additive QTL were not involved in QEIs, indicating they could act independently of the environment. Takai et al. (2005) reported a QTL for percentage grain filling per panicle tightly linked to a QTL controlling WSC content in the culm and leaf sheaths in rice. We also observed that most epistatic QTL for the nine traits were distributed in the same intervals or in regions adjacent to the significant additive QTL (Table 4) . These hot-spot regions of QTL could carry genetic information about accumulation and remobilization of SWSC and grain filling of wheat. Colocation of QTL associated with different traits can result from four alternative scenarios: (1) two tightly linked genes modulating the expression of separate traits; (2) one gene with a single function leading to a sequence of causally related events; (3) one gene with an effect on two or more independent traits; and (4) two tightly linked genes with effects on the same two or more traits (Lebreton et al. 1995) .
QTL 3 environment interactions: The ability of a genotype to modify phenotypic expression in response to different environmental conditions is referred to as phenotypic plasticity (Ungerer et al. 2003) . Phenotypic plasticity of quantitative traits arises in nature from interactions between QTL and environments at molecular levels. Several examples of QEIs for agronomic traits showed that the expression of particular chromosome regions differs across environments (Crossa et al. 1999; Hemamalini et al. 2000; Asíns 2002; Campbell et al. 2003) . In this study, in addition to identifying the additive and epistatic QTL, A-QEIs and E-QEIs for all nine traits were also detected. In contrast, traits associated with SWSC were involved in more A-QEIs and E-QEIs than traits related to TGW. Most phenotypic variations explained by A-QEIs and E-QEIs were much higher than those explained by the corresponding additive QTL or epistatic QTL (Tables 3 and 4 ). In addition, h 2 B of traits associated with SWSC showed wide fluctuations between the different water conditions (Table 1) . From the above-mentioned characteristics, the inheritance of WSC and its associated traits in wheat could be dominated by polygenes that are sensitive to the environment. Likewise, the QTL for WSC content in rice leaf sheaths and culms in different years (Nagata et al. 2002) , as well as for WSC content in fresh leaves of barley under different water stress conditions, were located on different chromosomes without sharing regions (Teulat et al. 2001) . These results suggested that WSC in crop plants was very sensitive to environments, and the sensitivity consequently brought on phenotypic plasticity.
In this study, 7 of 10 significantly additive QTL identified for SWSC interacted with environment. QSwscf. cgb-4B.1 was detected only by its A-QEI effect. The contributions of the corresponding A-QEIs (from 3.88 to 12.43% of phenotypic variation) were approximately two-to fourfold higher than those of the independently additive QTL (1.87-5.60%), and a majority of A-QEIs (five of eight) were associated with DS, indicating that DS more greatly enhanced the effects of these loci for SWSC content. This seemed to more appropriately explain why SWSC content under DS was more significantly affected than under WW. In contrast, the number of E-QEIs (only six) was less than that of the A-QEIs and equally distributed between DS and WW (Table 4) . However, the majority of epistatic QTL (19 among 24 pairs) were not involved in E-QEIs, indicating that these interacting pairs of loci were less affected by environments than the significantly additive QTL (Table 4). QEIs appeared to be very complex, and QTL for SWSC could have different expression patterns at different growth stages or under different environments. Similar results were obtained for highly heritable traits such as plant height and maturity in rice .
The inheritances of accumulation and remobilization of SWSC and grain filling were also quantitative. The expressions of QTL for AESWC, RESWC, TGWG, TGWM, GFEE, and GFEL were similar to those of SWSC content. Interestingly, A-QEIs and E-QEIs for AEWSC, and A-QEIs for TGWG, occurred only under DS conditions. This could be a further important reason for improving TGW under DS conditions, in addition to the contribution of the additive and epistatic effects. As opposed to early grain filling, the later grain-filling aspects seemed more closely associated with DS, because more A-QEIs effects occurred with DS, and even individual A-QEIs explained up to 19.43% of the phenotypic variation. Li et al. (2003) indicated that this phenomenon might occur in any of the following situations: (1) a QTL expressed in one environment but not in another, as reflected by inconsistent detection of QTL across environments; (2) a QTL expressed strongly in one environment but weakly in another, as indicated by variation in its effects across environments; and (3) a
